Introduction
Among the various sensing principles proposed for bioaffinity studies, optical evanescent wave techniques have gained the lead in popularity. Next to evanescent ellipsometry [1] and the various optical waveguide platforms [2, 3] , surface plasmon resonance (SPR) spectroscopy [4] [5] [6] , in particular, has found widespread applications and has demonstrated its potential for the sensitive detection of bioanalytes in numerous examples [7] [8] [9] . Since its introduction as a method for bioaffinity studies in 1983 by Liedberg et al. [10] and since the presentation of the first commercial instrument by Biacore in 1990 [11] , the number of papers published has grown exponentially to currently more than 1500 contributions each year (Figure 9 .1). This success story is largely based on the fact that SPR represents a label-free detection principle -the mere presence of the bound analyte slightly changes the optical architecture at the sensor surface which is probed by the surface plasmon mode propagating along this 1 Present address: Graffinity, Heidelberg, Germany. 2 Present address: Samsung, Seoul, Korea. 3 Johannes Gutenberg University of Mainz, FB Biology, Gresemundweg 2, D-55099 Mainz, Germany. 4 Present address: Stanford University, Stanford, CA, USA. metal/dielectric interface. Moreover, these SPR-based detection principles offer very attractive sensitivities for in situ and real-time monitoring of bio-analytes.
Another reason for the rapid growth of SPR biosensing applications is directly linked to the fact that the required functionalization of the sensor surface can be achieved fairly easily using a variety of surface modification protocols ( [12] [13] [14] , and including Chapter 6). One particularly simple strategy is based on the self-assembly of a monolayer of thiol derivatives on Au surfaces [15] . Figure 9 .2 shows the schematics of such a multilayer architecture developed for the functionalization of SPR Au chips with a two-dimensional binding matrix for protein-and DNA-sensing processes. First, a biotinylated thiol derivative is co-assembled together with OH-terminated diluent molecules (in a molar ratio of 1:9) in a binary mixture, allowing for the specific binding of a monolayer of streptavidin, a tetrameric protein with an extremely high affinity (K A ¼ 10 15 M À1 ) for biotin. Two of the four binding sites face the aqueous phase and thus can be used to couple other biotinylated molecules or small objects to the sensor surface generating the designed architecture with the specificity for the analyte of interest.
Even though this two-dimensional binding matrix fulfils many criteria required for biosensor coatings, e.g. the efficient exposure of binding sites which are specific for the particular analyte while simultaneously minimizing non-specific adsorption [16] , it is wasting sensitivity by monitoring binding events only within a thin two-dimensional slice of the analyte solution that is probed by the evanescent surface plasmon wave reaching some 150 nm out into the buffer [6] . Hence it was a natural next step to use a quasi-three-dimensional binding matrix based on a polymer brush that is partially coupled to the substrate and reaches out into the analyte solution some 100 nm in the case of Biacore's dextran brush, matching the extent of the evanescent surface plasmon field. This way, binding events away from the interface, but still within the evanescent tail of the surface plasmon mode probing the brush, also contribute to the sensor signal (although with an exponentially decreasing weighting factor). Roughly 3-5 times more protein compared with the 2D matrix bound per unit area of the sensor surface is monitored, thus enhancing the sensitivity of the technique considerably.
However, if very small analyte molecules with a low molecular mass are to be detected or if only very low coverage on the sensor surface (even for large proteins) can be obtained, the resulting changes of the effective refractive index probed by the surface plasmon are too minute to be detected. An example is given in Figure 9 .3; the angular scans taken in the Kretschmann configuration Figure 9 .2 Biofunctional interfacial architecture based on the self-assembled monolayer (SAM) of a binary mixture of thiol derivatives (i.e. 10% of a biotinylated thiol in 90% of OH-terminated thiols) designed for the stable attachment of a monolayer of streptavidin as a generic binding matrix. In this example, this layer is employed for the coupling of biotinylated DNA oligonucleotide catcher probes (blue strands) for surface hybridization studies with target strands from solution (red strands).
of an SPR surface hybridization experiment with sensor architecture as shown in Figure 9 .2 before and after binding of the target analyte are virtually superimposed (a). Consequently, also the kinetic mode (b) shows no change in the reflected intensity monitored as a function of time after the injection of the target solution. Hence neither of these modes of operation allows for labelfree detection of this hybridization event.
We should point out, however, that this complete lack of sensitivity is a direct consequence of the specific design of this experiment: in order to reduce the Coulombic cross-talk between neighboring binding sites, especially for studies in low ionic strength buffers, the individual catcher strands were separated from each other by coupling them via a biotin linker to the streptavidin monolayer, thus generating a very dilute binding matrix and, hence, a low analyte coverage even at 100% hybridization efficiency. It has been shown that other catcher binding matrices based, e.g., on thiolated probe strands do allow label-free detection of target hybridization, but at the expense of a dense binding matrix resulting in significant cross-talk between neighboring hybridization sites [17] .
Surface Plasmon Fluorescence Spectroscopy (SPFS)
An obvious way to enhance sensitivity and to push the limit of detection (LOD) to lower surface coverage is the use of fluorescent chromophores covalently attached to the analyte molecules. In this approach, the resonantly excited surface plasmon waves excite the fluorophores and their emitted photons can be monitored by a simple detection unit attached to a conventional SPR setup [18] [19] [20] [21] , shown in Figure 9 .4 for the Kretschmann configuration, but can also be realized with grating couplers. 5 Just as in surface-enhanced Raman spectroscopy [22] , here too one leverages on the strong optical field enhancements that can be achieved at resonant excitation of surface plasmons. This is shown in Figure 9 .5, comparing attenuated total internal reflection (ATR) results with mere total internal reflection (TIR) data. The coupling prism was Ag metal coated on the lower half of the base area only and then spincoated with a thin polymer layer that was doped with a low concentration of fluorescent chromophores [23] . In this way, a mere vertical shift of the prism relative to the (horizontal) plane of incidence in the reflection setup of the Kretschmann configuration allows for recording of the reflected intensities as a function of incidence angle for either TIR or ATR mode of operation. Simultaneously, the emitted fluorescence can be monitored for both cases. While the intensity monitored for TIR shows only a flat background signal (originating mostly from the intrinsic fluorescence excited by the laser beam passing through the high-index prism), the intensity recorded in the case of the excitation of a surface plasmon mode exhibits the strong angle dependence expected for this resonance behavior. The peak intensity shows an enhancement of more than a factor of 100 for this Ag substrate. Even with an Au coating, which is typically used for chemical stability reasons when using aqueous buffer solutions in biosensor studies, the enhancement can account for more than an order of magnitude. The slight angular displacement between the minimum angle in the reflectivity scan and the fluorescence intensity peak position is a consequence of the resonant excitation of the surface plasmon waves interfering with the directly reflected laser beam: the re-radiated and out-coupled plasmon light destructively interferes with the plane wave of the laser reflected at the prism/metal interface provided their relative phase shift corresponds to p or 1801. For the surface plasmon, being a damped oscillator, this phase shift relative to the reflected laser is reached just slightly above the angle for maximum excitation strength at resonance. Strictly, the fluorescence gives the correct angular position of the maximum field intensity upon excitation of the surface plasmon.
The intensity profile normal to the metal/dielectric interface at the correct resonance angle decays exponentially in both directions into the metal as well as into the dielectric phase. This is shown in Figure 9 .6a calculated for a multilayer configuration consisting of a high-index glass prism (LaSFN9, n ¼ 1.85 at l ¼ 633 nm)/50 nm Au/water). The intensity distribution normal to the interface suggests trying to bring the analyte molecules as close to the metal surface as possible in order to place their chromophores into the highest possible optical field. One has to take into account other effects on chromophores in the excited state near a metal substrate, which can lead to, e.g., quenching of fluorescence. Qualitatively, the various distance regimes are summarized in Figure 9 .7. As shown in Figure 9 .7a, in the immediate proximity of the metal, the resonant excitation energy (Fo¨rster) transfer from the excited state of the donor chromophore to the acceptor states of the metal substrate leads to strong quenching of the fluorescence emission, largely compromising the field enhancement obtainable in this configuration. At intermediate distances, shown in Figure  9 .7b, an efficient back-coupling of the excitation energy from the vibrationally relaxed excited state of the chromophore to the metal substrate leads to the excitation of a red-shifted plasmon mode that can re-radiate via the prism at its respective resonance angle. This back-coupling effect can be used to enhance further the probability of fluorescence emission; however, the recording of this fluorescence light through he prism is inconvenient from a practical point of view.
By far the easiest mode of operation is to monitor the fluorescence emitted directly from chromophores sufficiently separated from the substrate surface illustrated in Figure 9 .7c. The dye molecules are still within the substantially enhanced optical field of the surface plasmon mode, but they are not quenched at all. This combination of field enhancement and fluorescence detection forms the basis for the largely enhanced sensitivity applied for a wide range of bioaffinity studies shown on selected examples in this chapter.
Interface Kinetics Based on the Langmuir Adsorption Model
Evanescent wave biosensors offer an easy way to measure the kinetics of the reversible binding of a biomolecule from solution to a binding site (typically another biomolecule) immobilized on the sensor surface. Although theoretical aspects are treated in depth in Chapters 4 and 5, a brief analysis of kinetics is described here, which is relevant for Section 9.4. The conventional treatment starts with a simple 1:1 interaction model [24] , equivalent to the Langmuir adsorption model [25] , which is the simplest physically plausible isotherm based on three assumptions: the adsorption cannot proceed beyond monolayer coverage; all sites are equivalent and the surface is uniform; the ability of a molecule to adsorb to a given site is independent of the degree of occupation of neighboring sites.
If these conditions are met, the dynamic equilibrium is given by
assuming that A is the molecule binding from solution (analyte) and B is the species immobilized on the sensor surface (ligand). The forward and reverse reaction rates are described by the adsorption (association) rate constant k on and the desorption (dissociation) rate constant k off , respectively. The association process results in the formation of the complex [AB] and is described by
and the dissociation rate of the complex [AB] is given by
Once a dynamic equilibrium is established, the rates of both processes are equal, i.e.
Hence the equilibrium constants can be expressed by the rate constants according to
and
where K a and K d are the affinity constant and the dissociation constant, respectively. This formalism is mathematically identical with that of the treatment of the interaction in the homogeneous phase. However, at the solid-liquid interface the transport (diffusion and convection) of A from the bulk solution to the interface must be taken into account (cf. Chapter 5). 
ð9:8Þ
where D is the diffusion coefficient, h and b are the height and the width of the flow cell, respectively, v is the volumetric flow rate and x is the distance from the flow cell entrance.
Interaction-controlled Kinetics
If the mass transport rate is much larger than the association rate constant or if the surface concentration of the immobilized species is low, i. where c 0 is the concentration of the analyte and R max is the saturation signal at sufficiently high analyte concentration. The solution of eq. (9.11) yields
This is shown schematically in Figure 9 .8a as the association phase. For the dissociation phase,
and the solution becomes (cf. Figure 9 .8a, dissociation phase) Equations (9.12) and (9.13) can be used to give k on and k off from a single set of association/dissociation experiments using non-linear curve fitting.
Equilibrium Analysis
Once a dynamic equilibrium has been reached, the net effect of the association and dissociation process is zero, i.e.
where R eq is the equilibrium response at a given analyte concentration c 0 . Therefore, the equilibrium signal reflects the affinity constant K a and dissociation constant K d of the interaction couple. This can be converted to a format which resembles the 1:1 Langmuir isotherm:
The isotherm is an S-shaped curve if using logarithmic axis for the concentration, as shown in Figures 9.8b and 9.14. On the application of an analyte concentration of c 0 ¼ K d , R eq is half of the saturation response R max .
Applications of the Kinetic Model
Although this pseudo-first-order kinetic model has been used very successfully in qualitative studies (such as demonstration of interactions between biomolecules), the determination of the kinetic rate constants of binding is often complicated by the fact that most binding curves deviate from the single exponential time course expected for a simple pseudo-first-order reaction. Apart from the experimental causes (e.g. the sample depletion, noise, drift, impurity), major concerns for the deviation are focused on mass transport/ rebinding effects, multivalent interactions/avidity effects, heterogeneity in the immobilized ligands/matrix effects and complex binding mechanisms. On improving the experimental design (e.g. by using high flow rates and low surface capacities) and applying advanced analysis algorithms (e.g. the Global Analysis [27] , fitting association and dissociation phase data for a series of concentrations simultaneously), the contribution of most of these effects can be minimized or even corrected [28] .
Surface Hybridization Reactions of Oligonucleotides
The first set of examples that we discuss concern hybridization studies between surface-attached catcher probe oligonucleotides and chromophore-labeled targets from solution. From among the feasible experimental schemes [29] , a few typical ones are summarized in Figure 9 .9. The most direct approach is given in (a): the sensor surface is functionalized by a single-stranded DNA oligonucleotide catcher probe with a base sequence specific for a target strand from solution which carries the fluorophore. Upon binding, the chromophores are placed in the resonantly enhanced evanescent field of the surface plasmon mode and emit strong fluorescence light. The number of emitted photons is directly related to the number of bound target strands. This scheme will be discussed in detail below.
An alternative strategy is presented in Figure 9 .9b with the corresponding experimental results given in Figure 9 .10. In this case, the probe strand at the sensor surface carries the chromophore which emits fluorescence light at a level that reflects the compromise between the evanescent character of the excitation field and the quenching profile for energy transfer, as discussed above. Upon the binding of the target analyte, the resulting double strand stiffens and thus stretches, thereby pushing the chromophore at the end of the probe strand further away from the (quenching) sensor metal surface. The result is a net increase in the fluorescence intensity because the (slight) decrease in the optical excitation is by far overcompensated by the increase in emission intensity owing to the reduced quenching upon the growth in chromophore-metal distance. This principle for the recording of a hybridization reaction combines the best of both worlds: the sensitivity of fluorescence spectroscopy with the attraction of a label-free analyte molecule.
The last concept that is outlined in the schematic cartoon in Figure 9 .9c is based on the popular resonant energy transfer reaction between (the excited state of) a donor chromophore, attached, e.g., to the probe strand and (the ground state of) an acceptor dye coupled to the analyte target molecule [30] . Upon hybridization, the two chromophores come sufficiently close to each other to allow for efficient energy transfer, resulting in a variety of spectral changes of the observed emission that range from donor emission quenching to sensitized acceptor fluorescence emission to the appearance of novel spectral bands. The strong distance dependence of the energy transfer being efficient only within the Fo¨rster radius of typically 5-7 nm allows for a number of detailed investigations, e.g. at the single molecule level, of the structural and dynamical aspects of DNA hybridization reactions in solution and at surfaces.
According to the theoretical treatment of surface hybridization reactions within the Langmuir model, one has a number of experimental options for the determination of the relevant parameters, i.e. k on and k off and from there the affinity constant K a . Starting from an unoccupied, bare probe matrix, one can follow the association phase of the surface hybrid formation after injection of a target solution at a concentration that should be, at least, in the range of the half-saturation value c 1/2 given by the affinity value for this hybrid
Once the saturation coverage (for this given bulk concentration) is reached, one can record the dissociation process by continuously rinsing the flow cell with pure buffer solution, thus triggering the dissociation of the hybrids and the free target strands being washed out. If one measures these association and dissociation phases systematically at different concentrations of the injected target solution but for a very limited time only (e.g. for 10 min), and with regeneration steps between such that each time association starts from a bare probe, one can derive reliable values for k on and k off because they will be averaged over the concentration range investigated. This global analysis allows one, in particular, to check whether the dissociation rate constant, k off , is concentration (and coverage) independent as predicted by the Langmuir model, and it shows whether the association process, indeed, speeds up linearly with increasing bulk concentration c 0 . Finally, by monitoring equilibrium coverage as a function of c 0 , e.g. by recording angular fluorescence scans after a plateau has been reached in the association phase, one can perform titration experiments which yield the affinity constant directly (cf. Figure 9 .8b). By comparing the various parameters determined by the different techniques, one can check for internal consistency of the prediction of the Langmuir model and, can test its applicability to surface hybridization reactions.
The application of kinetic SPFS measurements for the quantification of hybridization reactions and, in particular, for the discrimination of single nucleotide polymorphisms (SNPs) between the catcher probe P2 and different target strands is illustrated in Figure 9 .11a-c. The architecture of the sensor coating was identical in all three experiments, the only difference being the sequence of the various 15mer oligonucleotide target strands used [20] . The fully complementary strand T2 (MM0) (cf. Figure 9 .11d) binds very fast at the target concentration employed (c 0 ¼ 1 mM), reaches then a stable level of the emitted fluorescence intensity and comes off the surface only very gradually with a barely detectable loss of fluorescence intensity upon rinsing (Figure 9 .11a).
The kinetic behavior changes dramatically if a target solution is injected with a strand sequence that differs by only a single nucleotide within the recognition sequence of 15 bases (T1, cf. Figure 9 .11d): after the injection of the target solution a slower fluorescence increase reflects the reduced association rate constant although the final intensity measured after about 15 min reaches almost the same level as in the MM0 case (Figure 9 .11b). The most pronounced difference is seen during the dissociation phase induced by flushing the flow cell with buffer: it takes 2-3 h, but then the surface-bound hybrids are completely dissociated and the targets rinsed out of the flow cell. Continuous flow of the buffer solution through the cell prevents rebinding of target compounds to the sensor surface. As indicated by the full black curve, the whole process is described by a single exponential decay as predicted by the Langmuir model [cf. eq. (9.14)].
A further significant change in the kinetic response is seen if a target strand representing a mismatch 2 (MM2) situation is flowing through the cell: the fluorescence intensity barely increases. The full black curves are fits to the Targets:   T1:  3′-ACA TGC AGT GTT GAT -cy5 -5′  T2: 3′-ACATGT AGT GTT GAT -cy5 -5′ T3:
3′-ACA TGC ACT GTT GAT -cy5 -5′ experimental data based on the Langmuir model with rate constants summarized in Table 9 .1.
A global analysis with the P2/T2 system cannot yield reliable k on values because the dissociation is so slow, as shown in Figure 9 .11a, that no meaningful fit to the nearly flat intensity curve (measured typically for a few minutes only) would be obtained. However, upon the introduction of a single mismatch in the base sequence of the target (T1, in Figure 9 .11d) the duplex is considerably destabilized, thus the dissociation is enhanced and the loss of fluorescence intensity can be measured within the 10 min rinsing phase of the global analysis. This is shown in Figure 9 .12a for a probe matrix assembled from biotinylated peptide nucleic acids (PNA-P2), the neutral mimic of the corresponding DNA-T2 (cf. Figure 9 .11d). The recognition sequence was identical with the DNA P2; however, the spacer to the biotin group was a stretch of six ethylene oxide-containing units [30] instead of the 15 thymines in the case of the DNA probe strands.
The rate constants k a ¼ (k on c 0 + k off ) [cf. eq. (9.12)] derived for the PNA-P2-T1 hybridization is plotted in Figure 9 .12b. From the slope of the linear dependence on the bulk concentration c 0 the association rate constant is obtained as
, slightly lower than that for the DNA-P2-T1 case (cf. Table 9 .1).
Upon flushing the cell with buffer and monitoring the dissociation phase, one can determine the k off rate constant(s) as a function of coverage according to eq. (9.14). The corresponding measurements are also shown in Figure 9 .12a. Note that after starting the buffer solution an instant decrease in the fluorescence intensity can be observed, indicating the starting point of the dissociation phase. This drop originates from removal of free fluorophores (targets) in the solution near the surface flushed out by the buffer. From the decrease in the fluorescence intensity during the rinsing process the dissociation rate constant was determined as k off ¼ 2.5 Â 10 À4 s À1 , which is the average of all values obtained by fitting each dissociation part of the measurement (during rinsing) using eq. (9.14). Thus, the affinity constant, K a (K a ¼ k on /k off ), is found to be K a ¼ 1.2 Â 10 7 M À1 for the PNA-P2-T1 MM1 hybrid, which is of the same order as for the DNA-DNA hybrid.
For a titration experiment, a series of angular scans were taken after target solutions of 1, 5, 10, 20, 50 and 100 nM had been injected and equilibrium for each new bulk concentration was reached. The corresponding series of angular scans is shown in Figure 9 .13a. Several features are noteworthy. (1) No for 3 min) and the solid curve is a simulated Langmuir fit using eq. (9.16) with an affinity constant of K a ¼ 1.7 Â 10 8 M À1 , more than an order of magnitude lower than the affinity constant for the DNA-DNA hybrid (cf. Table 9 .1).
The observed behavior of binding of the targets from solution to the surfaceimmobilized probe strands can be essentially understood from the Langmuir model. The isotherms describing the three different match/mismatch situations in Figure 9 .11 are displayed in Figure 9 .14 by the three different S-shaped binding curves (solid, dashed and dotted black curves). They are separated from each other on the (bulk) concentration axes by the 2-3 orders of magnitude difference in their respective affinity constants, K a , resulting in a shift of the curves according to the respective half-saturation constants K d (cf. the red dashed line at F ¼ 50% and the corresponding red dotted lines to the abscissa). Based on these plots one expects, for the kinetic experiments performed at a bulk concentration of c 0 ¼ 1 mM (cf. the blue dashed line in Figure 9 .14), that the intensities for both the MM0 and the MM1 target strands reach almost the same level near saturation because this concentration is way above the respective half-saturation concentrations for both targets. On the other hand, the MM2 strands at this concentration are barely hybridizing to the interfacial matrix, because for this low-affinity pair the bulk concentration is not high enough to induce any significant binding. This experiment also proves that unspecific adsorption does not play any role in the observation of these binding curves: most of the molecular details of the three analytes are identical, e.g. the length of the strand, the charge (number and density) and almost all bases. Hence any non-specific interactions are virtually the same for all targets. This points to one important design principle for optimized SNP detection: by quantifying the affinities for targets of different mismatches to the surface probe, one can identify the bulk concentration best suited to differentiate between the two sequences in a (static end-point) titration experiment. In order to discriminate MM1 from MM0 in the above example, a bulk concentration of c 0 ¼ 3 nM would be ideal because this concentration is right in between the c 1/2 values of the two strands. The concentration of 1 mM used in the kinetic measurements shown in Figure 9 .11 obviously was too high. At this concentration both targets hybridize to the extent that almost a complete monolayer is formed, and hence would give about the same intensity when measured with a fluorescence scanner after binding. Of course, in a sensor platform such as the one described here, i.e. with the full in situ and real-time recording of the whole association and dissociation process by surface plasmon fluorescence spectroscopy, one could easily discriminate between different mismatches by the significantly different rate constants. Already after a few minutes or even seconds of recording the early phase of the association process a clear discrimination of the MM0 from the MM1 targets is feasible.
When dealing with extremely dilute solutions, one needs to take into account limitations given by the diffusion of the analyte from the bulk of the flow cell across the unstirred layer to the sensor/liquid interface. This mass transferlimited regime is sketched schematically in Figure 9 .15. With the closed loop of the flow cell one can easily switch, e.g. from buffer to the injection of a solution with a particular (low) analyte concentration. As was outlined above, the analyte molecules, A 0 , then have to diffuse across the unstirred layer and bind to the functional groups, B, at the sensor surface. This leads to a linear increase in the fluorescence intensity as a function of time after injection of the analyte solution [cf. eq. (9.7)] with a slope that is a linear function of the bulk concentration of A 0 . An example of mass transfer-limited binding curves is given in Figure 9 .16b. The analyte in this case was an amplicon of 125 bases shown schematically in Figure 9 .16a, prepared by heating the double-stranded PCR products to 96 1C, followed by injecting the solution into a low ionic strength buffer at 0 1C [31, 32] . This procedure was shown to separate the duplexes and to stabilize the single strands via Coulombic repulsion, thus preventing rapid re-hybridization in the bulk. Since the catcher strands at the sensor surface were PNAs, the surface hybridization of the PCR amplicons to the catcher sequences at the detector was not influenced by the low ionic strength. The bulk concentrations used in these experiments (1-100 pM) were much lower than the half-saturation value (about 3 nM [30] ) for this hybridization reaction. Moreover, only the very early stage of the diffusion/adsorption process was monitored. The linear increase in the fluorescence intensity was recorded for a maximum of 30 min in the case of the lowest concentration to only a few seconds for the highest concentration (c 0 ¼ 100 pM). In each case this was followed by a rinsing step and regeneration induced by 10 mM NaOH to break all hybrids. By plotting the slope of the binding curves as a function of the corresponding bulk concentration, one finds a linear relation as shown in Figure 9 .16c, which further proves the validity of the treatment of the data by the mass transferlimited regime. The intersection of this calibration plot with the baseline stability limit, which indicates the background drift of the fluorescence intensity when measured in the absence of any target molecules (see also Figure 17b ), yields a limit of detection of c LOD ¼ 100 fM, far below that of label-free detection with SPR. 
Protein Binding Studies
All examples discussed so far were based on the recording of fluorescence from chromophores covalently bound to the analyte molecule of interest. This does not constitute a major limitation for the detection of PCR amplicons because the use of fluorophore-labeled primers is well established. However, there might be other situations where the attachment of a fluorescent label is not possible or bears the risk of changing the characteristics of the interaction with affinity partners in a significant way, e.g. when dealing with proteins. In this case one is interested in developing detection schemes that offer the sensitivity provided by fluorescence spectroscopy, but do not require the analyte to carry the fluorophore directly. Competitive replacement assays, obviously, fulfill that requirement: the analyte of interest replaces a chromophore-labeled ligand that was preadsorbed on the binding sites at the sensor surface.
Much of the optical principles for fluorescence-based detection of hybridization reactions between a surface-attached probe oligonucleotide and a target strand from solution applies to the study of protein binding reactions at surfaces in very much the same way [33] . However, generally, proteins are significantly more delicate in their behavior and, in particular, are more sensitive to the proper control of their interfacial interaction potentials. A direct consequence is the need for a significantly more complex interfacial architecture for the functionalization of sensor surfaces which allows for the attachment of ligands or other binding partners in the proper orientation, flexibility, without the loss of specificity or even the risk of partial denaturing and with the control of any unwanted non-specific binding (NSB).
A number of different strategies for the attachment of binding partners for the recognition and binding reaction with proteins from solution have been reported. For the case of bioaffinity studies using surface plasmon fluorescence spectroscopy, the dextran brush introduced by Biacore turned out to be ideally suited for this purpose [34] . As can also be seen in Figure 9 .6, the extent of the brush with its roughly 100 nm thickness matches very well the extent of the evanescent field of the surface plasmon. The functionalization of the brush via its -COOH groups along each dextran chain allows for the covalent attachment of antigens. If the antigens are recognized by the corresponding chromophorelabeled antibody, binding with high affinity from solution, strong fluorescence emission occurs when excited by a resonant surface plasmon field. This is shown schematically in Figure 9 .17a. This matrix also minimizes intensity losses due to quenching, because most of the binding events occur sufficiently far away from the metal surface. Figure 9 .17b shows a series of stability tests, i.e. recordings of the baseline fluorescence as a function of time without any analyte injected. The average value of the slope of these curves (plus three times the standard deviation) gives the baseline stability limit needed for the determination of the limit of detection. The mass transfer-limited linear increase in the fluorescence intensity seen after the injection of antibody solutions can be sensitively monitored down to extremely low concentrations, as shown in Figure 9 .17c. The plot of the slope of the intensity increase as a function of the bulk protein concentration again gives a straight line (Figure 9.17d) , confirming the validity of the diffusion model. The intersection of the calibration line with the baseline stability limit again defines the LOD of this detection method and is found to be as low as c LOD ¼ 500 aM (5 Â 10 À16 M), far below LODs ever observed with SPR [21] .
The highest concentration used in the above measurements was 1 nM, barely reaching the half-saturation concentration of this antibody-antigen pair with its affinity in the range of K A ¼ 2 Â 10 8 M À1 . However, when working with a 6.7 nM solution one can monitor the fluorescence signal at various stages of the antibody adsorption and correlate it with the resulting angular shift of the SPR signal at this coverage. In this way, one can calibrate the observed fluorescence intensity in terms of the number of proteins binding to the matrix. For the LOD of 500 aM one finds that the monitored fluorescence increase corresponds to the diffusion and binding of about 10 proteins per mm 2 per minute, approaching the range of single molecule detection.
All fluorescence data presented so far were based on the recording of quasimonochromatic fluorescence intensity by photon counting with the emitted light passing through a narrow bandpass filter for stray light suppression. However, an alternative means of light detection, this time with the full spectral information of the emitted fluorescence, is given by the use of a spectrometer that disperses the light into its spectral components. In this way, not only the existence of an analyte can be monitored through its fluorescence emission, but also additional processes at the sensor surface which lead to spectral changes of the emission can be recorded.
The principle of this approach is illustrated in Figure 9 .18 for a protein layer coupled to the sensor matrix by the well-established His-tag strategy. A generic streptavidin monolayer was introduced to couple a layer of biotinylated nitrilotriacetic acid molecules which -after activation by exposure to 500 mM NiCl 2 solution -can be used to attach a monolayer of a recombinant protein/ chromophore aggregate, i.e. the light-harvesting complex LHCII known from chloroplasts, that was modified by a stretch of six histidines at the C-terminus. Figure 9 .18a illustrates the final architecture, and Figure 9 .18b shows the SPR protocol of the assembly process: after binding of the Ni 21 ions, the injection of the protein (dark arrows) leads to the formation of an oriented LHCII monolayer of a density which is controlled by the streptavidin matrix. After rinsing the multilayer with pure buffer (white arrows) followed by a 0.35 M solution of EDTA, a high-affinity chelator for divalent ions, all Ni 21 ions are released and the aggregates can be specifically disassembled between the NTA on the surface and the His-tag at the protein, which is then rinsed out. This process is fully reversible, as demonstrated by the virtually identical SPR responses of the repeated assembly and disassembly steps.
After binding the unmodified LHCII bands found for the protein in solution can be identified also for the surface-immobilized protein layer (Figure 9 .18c, red curve) in the fluorescence spectrum of wavelength-resolved SPFS. Injecting the unmodified protein mixed with protein labeled with an acceptor dye (DY-730 from Dyomics, Jena, Germany), the blue curve in Figure 9 .18c indicates the occurrence of an efficient intermolecular energy transfer between the proteins in the monolayer. This is documented by the appearance of the red-shifted emission shoulder that originates from the energy transfer from the unmodified donor protein (with its 12 chlorophyll and three carotenoid molecules in the complex) and the lower-energy acceptor chromophore chemically attached to some of the proteins. The degree of energy transfer depends strongly on the molar ratio of the two proteins in the immobilized monolayer (not shown).
Novel Approaches to SPFS
In most cases, the Kretschmann configuration will be the coupling scheme of choice not only for SPR but also for SPFS because the evanescent character of the surface wave being excited from the back of the prism allows for easy attachment of the flow cell from the front side and the recording of the resulting fluorescence emission off the base plane of the prism. However, the alternative scheme for surface plasmon excitation by laser light based on a surface grating structure offers a number of advantages for biosensing in general and for surface plasmon fluorescence spectroscopy in particular. For example, the need for a relatively high index prism for the momentum matching condition when working in aqueous buffer solutions can barely be met by cheap plastic prisms and requires expensive specialty glasses. Even then, relatively high angles of incidence are needed. In the following, novel instrumental solutions are given for the SPFS challenge.
Grating Coupling for SPFS
The use of a grating coupler offers an important element of flexibility in that the choice of the grating periodicity, L, and hence the modulus of the grating vector, G ¼ 2p/L, allows for the tuning of the angle of resonant excitation, y, for a given laser wavelength to any desired value from normal incidence to essentially y ¼ 901, according to the momentum matching condition for grating coupling:
The grating coupler is illustrated in Figure 9 .19. Since the laser is incident from the front side, as shown in Figure 9 .19a, the Au metal coating can be of any thickness provided that it remains opaque and no light is reflected from the back side (an advantage in the context of quality control for the mass production of such sensor chips). Moreover, the substrate can be made of any material, e.g. a plastic chip that can be surface structured very easily and at low cost by hot embossing with a master grating (which offers the additional advantage that all gratings are virtually identical in terms of their grating constant and amplitude, Fourier components, roughness, etc.). As in this case the laser beam passes through the flow cell before exciting the surface plasmon wave at the sensor (grating) surface, at higher analyte concentrations, this may lead to an additional fluorescence contribution, i.e. from chromophore-labeled analyte molecules flowing through the cell, resulting in a so-called bulk-jump upon injection of the analyte solution. However, for very dilute concentrations this is of no concern. Figure 9 .19b gives an example of the angular dependence of the reflectivity and of the corresponding fluorescence for both, p-and s-polarized laser excitation. At higher angles the reflectivity curves show the appearance of the À1st-order diffraction intensity, resulting in a slight decrease of the specularly reflected intensity (not seen, of course, in the fluorescence intensity which only reflects the interfacial intensity of the surface plasmon mode). Note also the pronounced angular shift between the reflectivity minimum angle and the angle for maximum fluorescence intensity.
A typical concentration titration experiment between surface bound DNA-P2 probes and T1 targets (MM1) in solution is given in Figure 9 .19c. The interfacial architecture on the grating surface was the binary SAM/ streptavidin-based matrix (shown in Figure 2 ) used also for the hybridization experiments in the Kretschmann configuration. The open squares are the experimental fluorescence data points and the red curves are calculations based on the Langmuir model with k on and k off parameters summarized in Table 9 .2. The k on values were obtained by fitting the association phases recorded after injecting bulk solutions of different concentrations, while the final dissociation experiment (at c 0 ¼ 0 nM) with its exponential decay of the fluorescence intensity could be fitted by a single k off rate constant (cf. Table 9 The association and dissociation rate constants were derived from the fits to the data points (red curves) and are given in Table 9 .2. (d) Langmuir isotherm constructed from the fluorescence intensities from (c) after the equilibrium coverage at each new concentration was reached, with data fit using
model, that the affinity constant for the MM0 hybrid does not depend on the bulk concentration. The values obtained vary within a factor of two, well within the range of accuracy achievable in these experiments.
As shown in Figure 9 .19d, by plotting the fluorescence intensities recorded at the end of each association phase after injection of a new bulk solution, representing the newly established equilibrium surface coverage, one obtains again a Langmuir adsorption isotherm similar to that constructed from angular fluorescence scans presented for a Kretschmann experiment in Figure 9 .13. The red curve is a fit with an affinity constant of K A ¼ 6.7 Â 10 7 M À1 . Given the fact that such an equilibrium titration experiment is a fundamentally different approach for the determination of affinity constants, the agreement with the kinetically determined K A values adds strong support to the application of the Langmuir model for the analysis of hybridization reactions between surfaceattached oligonucleotide probes and target strands in solution. Deviations are only seen for very long (highly charged) PCR amplicons in low ionic strength buffers or for high target densities on the sensor surface. These deviations are well explained by Coulomb interactions between probes and targets and between neighboring hybridization sites as we are dealing with highly charged interfaces and relatively dense oligo-electrolyte brushes.
Long-range Surface Plasmons for SPFS
Before the introduction of another very promising mode of operation in SPFS, i.e. the use of long-range surface plasmons (LRSP) as the excitation light source, we briefly review a few basics of ''normal'' surface plasmons. These non-radiative, surface-bound electromagnetic modes propagate along a (noble) metal/dielectric interface with an optical field that peaks at the interface and decays exponentially both into the metal and into the dielectric. The classical Kretschmann configuration with a prism as the coupling element allows for the required energy and momentum matching between the exciting (laser) photons and the surface plasmon modes, provided that the refractive index of the prism is sufficiently high compared with the dielectric medium in contact with the metal surface. For (bio-)sensor applications with the transducer operating typically in water (n ¼ 1.33 at l ¼ 633 nm) this requires that the thin metal Table 9 .2 Rate constants, k on and k off , and the affinity constant,
determined from the kinetic titration experiment presented in Figure 9 .19. layer that guides the surface wave is in optical contact with a high index glass, e.g. LaSFN9 (Schott) prism base. This coupling geometry is shown schematically in Figure 9 .20a. A typical angular reflectivity scan simulated for this configuration at a laser wavelength of 633 nm and for a 50 nm Ag layer in contact with water is given in Figure 9 .20b. One important feature of the resonantly excited bound wave seen as the narrow dip in the reflectivity spectrum is the extent of its evanescent field (at resonance) into the dielectric medium. This is given in Figure 9 .20c for the architecture in Figure 9 .20a, but simulated for 40 nm of Au in order to match the experiment described below. One finds the typical penetration depth of PSP modes in the region of L z ¼ 178 nm (red dashed lines in Figure 9 .20c). The evanescent character of this surface plasmon mode guarantees the surface sensitivity and selectivity of the technique which does not suffer from bulk contributions to the detected (fluorescence) signal, e.g. by scattering from larger objects such as cells. If a very thin metal film is sandwiched between two dielectric media of (nearly) identical refractive indices, n d , plasmon modes excited at the two opposite interfaces will interact with each other provided that the metal layer is sufficiently thin (do40 nm), hence the optical fields within the metal start to overlap, establishing a transverse standing wave. This interaction lifts the dispersion degeneracy of the two identical evanescent waves and two new, coupled modes appear, a symmetrical and an antisymmetric wave (referring to their transverse electric field distribution) [35] . The latter has attracted considerable interest, because its electric field across the metal film, responsible for the energy dissipation by the lossy metal, is largely reduced and the propagation length of the mode is considerably increased. Hence this mode is also called long-range surface plasmon (LRSP) as opposed to the short-range surface plasmon (SRSP) mode which is subject to enhanced dissipation.
A suitable way to excite LRSPR is the prism-coupled Kretschmann configuration given in Figure 9 .20d [36, 37] . In this case, a high refractive index glass prism is first coated with a low refractive index cladding layer (e.g. PTFE, n E 1.33 and a thickness of d E 600 nm), followed by the deposition of a 50 nm thin Ag layer. The simulated angular reflectivity spectrum of such a sandwich sample in water (n ¼ 1.33 at l ¼ 633 nm) is given in Figure 9 .20e. The LRSP and SRSP modes can be seen as the sharp dip in the reflectivity spectrum at small angles and the much shallower and broader feature at higher angles, respectively, in roughly symmetrical angular positions relative to normal SPR (cf. Figure 9 .20b and e). The magnetic field profile, H z , of the LRSP normal to the planes of the sandwich layers, scaled to its value at the metal/analyte solution (water) interface, is given in Figure 9 .20f. For this simulation we chose 40 nm gold as the metal layer and a refractive index for the PTFE cladding of n ¼ 1.29 in order to match the actual experimental conditions (see below). The asymmetric refractive index profile of the cladding layer as substrate and water as superstrate with their slightly different refractive index and also with their different thicknesses (500 nm vs. infinite, respectively) results in a rather asymmetric field distribution on both sides of the metal film.
Reduced damping is responsible for the extended propagation of LRSPs and also for the narrow angular resonance seen in the reflectivity spectrum in Figure 9 .20e. This has triggered interest in using these modes also in optical biosensors for detecting thin coatings covering the metal film, e.g. by an adsorbed protein or DNA analyte layer [8] . The sharp dip in the resonance with its angular position shifting up the binding of these biopolymers to slightly higher values should result in a change in reflectivity (fixed-angle mode) which should be substantially larger for an LRSP mode than for a classical SPR wave. However, the extension of the LRSP optical field reaching out much further into the buffer solution reduces the effect of a thin adsorbed coating on the dispersion of the plasmon mode, hence the shift of the mode, Dy, is considerably lower than in SPR.
When using LRSP in conjunction with surface-plasmon field-enhanced fluorescence detection, the analyte molecules that carry a chromophore label and bind from solution to a correspondingly functionalized sensor surface will be excited by the evanescent modes of the surface plasmons with the optical intensity of the LRSP field being significantly enhanced at the interface and extending much further out into the solution compared with the situation in normal SPR (compare the red dashed lines in Figure 9.20c and f ) .
The enhancement for LRSP-excited fluorescence becomes particularly obvious if one places the chromophore layer with the analyte further away from the Au surface [38] . The weaker decay of the LRSP field out into the analyte solution should be seen in the difference of fluorescence excitation by the two modes of operation if the chromophores are placed at a certain distance away from the interface. To this end, two samples were prepared, one for normal SPR and another one suited for LRSP excitation. In both cases the test analyte, i.e. the chromophore-labeled antibodies, were adsorbed on a 500 nm thick PTFE layer on top of the Au substrate in order to probe the differences in the decay lengths of the two plasmon fields. As expected, the measured fluorescence excited by the normal SPR almost completely decayed to a barely detectable value ( Figure 9 .21, full triangles), whereas the fluorescence intensity of the identical protein layer probed by the LRSP field shows a high value (Figure 9 .21, full circles): the peak intensity ratio amounts to a factor of 33.
Fluorescence Imaging and Color Multiplexing
As an example of the use of surface plasmon fluorescence microscopy for hybridization studies in the format of an m Â n sensor array, we present data obtained from experiments with quantum dots (QDs) as fluorescent probes. QDs are small, inorganic, semiconducting nanocrystals that possess unique optical properties, the most significant being (i) their broad absorption spectra and (ii) the composition-and/or size-engineered emission properties, making it possible to excite different QDs simultaneously with a single wavelength light source, but monitoring their luminescence light emitted at different wavelengths in a color-multiplexed recording mode [39] .
The example for the parallel read-out of bioaffinity reactions that we briefly describe concerns a simple 4 Â 1 array composed of four Au stripes (cf. Figure 9 .23). With this array being oriented relative to the exciting laser beam at an angle near the SPR reflectivity minimum, corresponding to the highest surface plasmon field enhancement and thus the highest fluorescence intensities, the various target solutions were injected into the flow cell. Upon hybridization of the targets to the oligonucleotide catcher probe on the Au electrodes, the chromophore tags were excited by the evanescent tail of the propagating surface plasmon waves. The fluorescence photons emitted from the electrode array were imaged by a color CCD camera as shown in Figure 9 .22. The functionality of the four stripes in Figure 9 .23 was chosen as follows: the top one was covered by a poly(ethylene glycol) (PEG)-thiol passivation SAM, working as a negative control. The other three Au stripes were, from the bottom, functionalized with P1, P2 and a mixture of P1 and P2, respectively (cf. the nucleotide sequences given in Figure 9 .11d). The target sequence T1 conjugated with quantum dots emitting at l ¼ 655 nm (T1 0 -QD 655 with a red emission color) and the targets T2, coupled to quantum dots with an emission wavelength of l ¼ 565 nm (T2 0 -QD 565 emitting in the green) could both be excited with a green He-Ne laser at l ¼ 543 nm as the light source, using Cr/Ag/Au (2/30/7 nm) as a multi-layer metal film thermally evaporated via a mask on to the glass slide for the preparation of the 4 Â 1 array [40] .
The DNA hybridizing experiment presented here was initiated by injecting first a c 0 ¼ 200 nM solution of the red-emitting T1 0 -QD 655 target sample in PBS. Next, the T2 0 -QD 565 solution was applied to the system and allowed to hybridize to the surface for some time. Now the green fluorescence of the QD 565 could be observed from the electrode that was exclusively P2 functionalized. The electrode containing a mixture of P1 and P2, however, changed its color from red to yellow due to the red/green/blue (RGB) color addition of the green fluorescence originating from T2 0 -QD 565 with the red fluorescence from the targets T1 0 -QD 655 , as has been observed in a similar way for the case of inkjet prepared sensor spots [39] (cf. the fluorescence spectrum given in Figure 9 .23). Only the electrode protected with the PEG-thiol shows no fluorescence signal, confirming the excellent passivation properties of a PEG SAM. 
Conclusions
This chapter has demonstrated that the combination of surface plasmon field enhancement mechanisms with fluorescence detection schemes allows for a number of bioaffinity studies that go far beyond the classical SPR concept. A critical point that is sometimes raised concerns the fact that ''in this way the attraction of SPR as being a label-free detection scheme is sacrificed''. This statement needs a few comments. First, whenever the mere presence of the analyte induces a change in the optical interfacial architecture at the transducer surface which is sufficient to be monitored by the (slight change in the dispersion relation of the) surface plasmon wave, there is, of course, no need to attach a chromophore, thus risking an unwanted change in the interaction between the affinity partners of interest. However, even in the case of label-free detection by SPR, one of the partners has to be surface immobilized. This is a constraint at least as severe as the attachment of a chromophore. Second, applying fluorescence detection schemes does not necessarily mean that the analyte has to be dye-modified. The stretching of a chromophore-labeled probe strand on the SPFS transducer surface upon hybridization of an unlabeled target strand illustrated in Figure 9 .10 is an example of this. Although not discussed in this chapter explicitly, the SPFS equivalent of the widespread ELISA assay with a catcher antibody immobilized on the sensor surface, followed by the binding of the unlabeled analyte from solution and the final recording of the decoration (binding) of a second, chromophore-conjugated antibody in this sandwich assay, is another prominent example of this concept. Third, the major advantage of using fluorescence detection is the significant extension of the range of analyte concentrations that can be monitored. For example, we demonstrate that binding of proteins can be quantified by SPFS from solutions at sub-femtomolar concentrations, which is several orders of magnitude better than can be seen by SPR. So what does one sacrifice? One only gains considerably in the LOD of an analyte. Finally, the detection of fluorescence can be seen as a second information channel that allows for the simultaneous but independent observation of two analytes, e.g. a protein by SPR via its optical mass and the other one, e.g. a (relatively) small oligonucleotide via its fluorescence signal. On top of this, color multiplexing in fluorescence detection allows for multiple simultaneous recordings of analyte binding to the sensor surface, a feature that does not exist in SPR.
Questions
1. If you look at Figure 9 .3a, the minimum of the reflectivity and the maximum of the fluorescence intensity measured in the angular scans do not occur at the same angle of incidence. Why? 2. Why is the fluorescence of a chromophore near a metal surface reduced (''quenched''). What is a typical dye-surface distance for which this happens? 
